ABSTRACT 34 Dorso-ventral pigment pattern differences are the most widespread pigmentary adaptations in 35
INTRODUCTION 69
Pigment patterns allow animals to distinguish among individuals, groups and species and are 70 an essential characteristic for the survival of most animals in wild populations. These patterns 71 allow appropriate adaptation to the environment, often having crucial roles as components of 72 courtship behaviours, or making hunting easier, or providing camouflage against potential 73 predators. A prime example of an evolutionarily conserved pigment pattern is dorso-ventral 74 countershading -a dark dorsal region contrasting with a pale ventrum -a pattern that is easily 75 recognizable in most vertebrate taxa. These patterns are dependent upon pigment cells, or 76 chromatophores, that synthesize or accumulate pigments or crystalline compounds (Kelsh, 77 2004 ). All vertebrate integumentary chromatophores arise from neural crest cells (NCCs), 78 multipotent embryonic cells that also give rise to other cell types, such as neurons and glia of 79 the peripheral nervous system and elements of the craniofacial skeleton (Le Douarin and 80 Kalcheim, 1999; Maury and Jacobson, 1989) . Mammalian species have only one type of 81 chromatophore, the melanocyte, which synthesizes eumelanin (black/brown pigment) or 82 pheomelanin (yellow/red pigment) under the control of two main loci, extension and agouti. 83
The extension locus encodes the receptor for -Melanocyte Stimulating Hormone (-MSH), 84
Melanocortin 1 Receptor (MC1R), which promotes eumelanin synthesis when stimulated 85 (Robbins et al., 1993) . The agouti protein, termed agouti-signalling protein (ASIP) in species 86 other than mouse, is encoded by the Agouti locus and antagonizes MSH effects at MC1R, 87 resulting in inhibition of eumelanin synthesis coupled to a switch to pheomelanin synthesis 88 (Bultman et al., 1992; Michaud et al., 1993; Miller et al., 1993) . 89
In mammals, dorso-ventral countershading is driven by regulation of agouti expression and 90 consequent modification of the melanin type in differentiated melanocytes. The differential 91 usage of alternative promoters regulates the spatial and temporal expression of the ASIP gene 92 that, in turn, controls positional and temporal synthesis of eumelanin versus pheomelanin. 93
The sustained expression of ASIP protein in the ventral region is responsible for the dorso-94 6 ventral pigment pattern in which the ventrum is light (pheomelanin) while the dorsum is more 95 darkly colored (eumelanin) (Millar et al, 1993 and Vrieling et al, 1994) . Similarly, a temporal 96 pulse of agouti expression during a window of the hair growth cycle results in the classical 97 black-yellow-black banded ('agouti') pattern in the dorsal fur of many mammalian species 98 (Vrieling et al., 1994) . Studies in rodents indicate that the local production of agouti protein 99 also appears to contribute to changes in pigment pattern evolution through developmental 100 modifications (Manceau et al., 2011) . 101
In poikilotherms, including fish, dorso-ventral countershading is achieved by means of a 102 mechanism distinct from the differential differentiation of melanocytes in mammals. In fish, 103 the mechanism involves a patterned distribution of different types of pigment cells or 104 chromatophores, with the light-absorbing (melanocytes, often known as melanophores) and 105 light-reflecting (iridophores) chromatophores mostly distributed in the dorsal and ventral 106 areas, respectively (Bagnara and Matsumoto, 2006) . Experimental data in amphibian and fish 107 species support the hypothesis that the dorso-ventral pigment pattern results from interaction 108 between two factors, melanization inhibition factor (MIF) and -MSH. Although so far MIF 109 has never been purified, it has been suggested that MIF is a factor present in tissue extracts 110 from ventral skin that reduces melanocyte number and increases the number of iridophores in 111 the ventrum (Fukuzawa and Ide, 1988; Bagnara and Fukuzawa, 1990; Zuasti, 2002) . 112
Amphibian MIF blocks the stimulation of melanization provoked by -MSH in neural 113 explants of Xenopus (Fukuzawa and Bagnara, 1989) . Similarly, amphibian MIF has been 114 shown to block -MSH-induced tyrosine hydroxylase and dopa oxidase activity, both key 115 enzymes in the melanogenic pathway, in malignant mouse melanocytes (López-Contreras et 116 al., 1996). Our previous studies have lead us to propose that Asip1 corresponds to the 117 . These studies overlook the fact that zebrafish also display a dorso-ventral 141 countershading pattern, conserved across the vertebrates. We hypothesized that zebrafish 142 utilizes two distinct adult pigment patterning mechanisms -an ancient dorso-ventral 143 patterning mechanism, and a more recent striping mechanism based on cell-cell interactions; 144 these mechanisms function largely independently and the resultant patterns are then 145 8 superimposed to give the full pattern. We hypothesized that the dorso-ventral pattern might 146 result from a dorso-ventrally graded expression of Asip1 that regulates the balance of the 147 different types of pigment cells derived from adult pigment stem cells. In order to test this 148 hypothesis, we first show that Asip1 expression in wild-type (WT) zebrafish skin shows a 149 dorso-ventral gradient, high ventrally; we show too that this gradient is established at a time 150 coincident with the onset of metamorphosis, and that expression in adults is predominantly 151 restricted to the iridophores. Then we assess the effects of disruption of this gradient, by 152 generating transgenic lines overexpressing Asip1 under the control of a constitutive promoter. 153
These fish exhibit lightening of the dorsal skin; melanocyte counts and quantitation of 154 molecular markers show that this results from inhibition of melanocyte differentiation, but 155 also from a partial reduction of melanocyte numbers. Concomitantly, extensive iridophores 156 become visible in the dorsal area of Asip1 transgenic zebrafish that together with the lack of 157 dorsal melanophores gives a ventralised appearance to the dorsal region. In contrast, we see 158 only relatively modest effects on the core striped pattern, with most stripes still visible. We 159 conclude that adult zebrafish utilize two superimposed pigment patterning mechanisms to 160 generate their characteristic pattern. 161
162

RESULTS
163
Temporal and spatial characterisation of Asip1 expression 164
To investigate the role of Asip1 in zebrafish pigment pattern formation, we first examined the 165 temporal and tissue distribution of Asip1 expression by RT-PCR (see Fig. S1 ). Asip1 was 166 detected at all stages examined (Fig. S1A) . In adult fish, Asip1 mRNA was widespread: we 167 found expression primarily in eye, dorsal and ventral skin, heart, fat and muscle and was 168 present at lower levels in intestine, liver, brain, gill and kidney; and at extremely low levels in 169 the gonads (Fig. S1B) . Because RT-PCR has inherent limitations, particularly those that result 170 in biases in the template-to-product ratios of target sequences, we used quantitative real time9 PCR (qRT-PCR) to characterize further the transcriptional regulation of Asip1 during 172 zebrafish development (Fig.1A) . qRT-PCR showed that a high level of Asip1 mRNA was 173 associated with larval to adult metamorphosis (2-4 weeks post fertilisation; Johnson et al., 174 1995) (Fig. 1A) , the time when the larval pigment pattern established during the first few 175 days of development is gradually replaced by the adult pigment pattern. 176
We then used whole-mount mRNA in situ hybridization to examine where Asip1 mRNA was 177 expressed at different stages. In the embryo, we saw no detectable expression at 30 hours 178 post-fertilisation (hpf), expression was first detectable by this method in 3 day post-179 fertilisation (dpf) embryos, when the developing opercle was the initial site of expression 180 (Fig. 2 A,B,C) . At 6 dpf, Asip1 transcripts were still present in the opercle, but not seen 181
elsewhere. In contrast, in adult (210 dpf) zebrafish, Asip1 messenger RNA was detectable in 182 the dermal iridophores located in the most ventral interstripe (interstripe X1V) (Fig. 2G) and 183 stripe (stripe 2V) (Fig.2H) but not in the dermal iridophores located in the most dorsal stripes 184 and interstripes (data not shown). Additonally, Asip1 transcripts were also expressed in the 185 intraperitoneal membrane region where a reflecting iridophore layer is located (Fig. 2F ), but 186 otherwise were not seen in tissues other than the skin. 187 188
Dorso-ventral gradient of agouti expression 189
Our detection of Asip1 expression in the skin of adult fish ( Fig. 2 and Fig. S1B ), was 190 consistent with Asip1 having a possible role in adult pigment pattern formation, and the whole 191 mount in situ hybridization studies indicated that expression might vary spatially. To test this 192 quantitatively, we investigated whether and when there were dorso-ventral differences in 193 expression levels by qRT-PCR. We measured Asip1 transcript levels in skin from dorsal and 194 belly regions of 15, 30 and 60 dpf zebrafish (Fig. 1B) . Dorso-ventral differences in Asip1 195 expression levels were found at 30 and 60 dpf, but were not significantly different at 15 dpf. 196
The highest Asip1 transcript levels were found in the belly (Fig.1B)  197 
10
In order to precisely characterize the dorsol-ventral differences in Asip1 expression levels, we 198 determined Asip1 transcript levels in adult skin from different dorso-ventral positions, 199 specifically, dorsal, all body stripes (2D, 1D, 1V and 2V) and belly skin regions (Fig. 3A,I ). 200 Figure 3K shows the expression levels of Asip1in skin samples obtained along the dorso-201 ventral axis in wild-type adult zebrafish. The highest levels of expression of Asip1 were found 202 in the belly (p < 0.001); however, Asip1 transcripts showed a gradual decrease from the belly 203 to the dorsal midline of the fish. This striking observation leads us to hypothesize that Asip1 204 activity might contribute to dorso-ventral differences in zebrafish pigment pattern formation. 205
Conversely, although Asip1 mRNA expression was also detected in WT zebrafish fins. No 206 dorso-ventral gradient expression was detected in all these tissues (see Fig. S2 ). 207
208
Overexpression of Asip1 modifies the zebrafish pigment pattern 209
To investigate whether dorso-ventral Asip1 expression levels regulate pigment pattern, we 210 studied whether changes in the concentration and distribution of Asip1 expression were 211 accompanied by phenotypic changes in the pigment pattern. Specifically, we predicted that 212 overexpression of Asip1 in dorsal regions of the skin would result in a ventralisation (i.e. a 213 lightening due to an increased ratio of iridophores to melanocytes) of the pigment pattern. We 214 generated three independent transgenic zebrafish lines (Tg(Xla.Eef1a1:Cau.Asip1)iim03, 215
Asip1 using the constitutive EF1-alpha promoter (see Fig. S2 ). All of these fish showed a 217 distinct pigment pattern phenotype as adults (Fig. 3B ). In the following analyses, we focus on 218 line Tg(Xla.Eef1a1:Cau.Asip1)iim05. To test whether this correlated with an expected 219 homogenization of the Asip1 gradient due to the transgene, Asip1 transgene expression levels 220 were determined in six skin samples from the most dorsal to the most ventral regions in adult 221 fish ( Fig. 3J ) by qRT-PCR (Fig 3L) . The domain of transgene expression extended throughout 222 the dorso-ventral axis, and no significant differences were found in the levels of expression 223 11 between these positions. We conclude that the transgene generates an essentially 224 homogeneous distribution of Asip1 gene expression in the skin, eliminating the striking 225 gradient seen in WT siblings. Furthermore, comparing the normalized expression levels in 226 each genotype, we note that the levels of Asip1 expression throughout the skin of transgenic 227 fish are equivalent to those in the ventral regions of a WT fish (Fig. 3K, L) . 228
Compared with WT siblings (Fig. 3C, G) , the transgenics had reduced pigmentation over the 229 entire dorsal region ( Fig. 3D ), including the head ( overexpression is widespread in the transgenic line even as early as embryonic stages (Fig.  252 S3), we saw no differences in the expression pattern of any of these markers at 24-30hpf, 253 consistent with the normal embryonic pigment pattern of the transgenic fish (data not shown). 254
In contrast, transgenic fish at 60 and 210 dpf showed pronounced pigment defects. Fig. 4  255 shows the melanophore distribution in representative WT (A) and transgenic (B) fish at 210 256 days of life. To enable accurate quantitation of melanophore numbers, fish were treated with 257 epinephrine and fixed in 4% paraformaldehyde, which removes the pigments of xanthophores 258 and iridophores but does not affect melanin. At 60 dpf, the number of skin melanophores in 259 transgenic fish was decreased by 61% in the head, 66% in the dorsum and 35% in stripe 1D 260 on the trunk compared to the control group (p<0.001); we saw no differences in the 261 melanophore number in the anterior and posterior regions of stripe 1V nor belly (Fig. 4C) . At 262 210 days of life, a similar pattern of decreased number of melanophores in the dorsum and 263 stripe 1D persisted, and the transgenic fish lacked the additional 2D melanophore stripe, 264
having only a few scattered melanophores (Fig. 4B,D) . Control individuals of the same SL 265 and age as transgenic fish showed the normal 2D band (Fig. 4A, C) . Thus, the increase in 266
Asip1 expression consistently reduced the number of melanophores, but this effect was 267 restricted to dorsal regions of metamorphic transgenic fish. (Fig. 5C ) was similar to that of Dct. Thus, in the transgenic 287 group, the expression of Tyrp1b was 2.63 times less in dorsum and 3.7 times less in the 288 "virtual" 2D stripe than in the control group. In dark stripes 1D, 1V and 2V, Tyrp1b 289 expression was similar in the two groups. Thus, consistent with the dorsal reduction in 290 melanisation, we see a dramatic reduction of expression of melanophore differentiation genes 291 in dorsal, but not ventral, regions of transgenic fish. 292 Figure 5A shows the expression levels of Mitfa in skin samples obtained along the dorso-293 ventral axis in zebrafish adults. In wild-type control fish, the highest levels of expression of 294
Mitfa were found in the dorsum (p < 0.001), but Mitfa transcripts showed a gradual decrease 295 from the dorsum to the belly of the fish, thus showing an evident dorso-ventral gradient 296 expression in adult WT zebrafish. In transgenic fish, Mitfa expression was decreased by 50% 297 in the dorsum with no significant difference in the other skin regions in comparison with the 298 same regions in WT fish. Therefore, comparing the normalized expression levels of Mitfa in 299 each genotype, we conclude that the disruption of the Asip1 dorso-ventral expression gradient 300 found in the transgenic fish produces a disruption of the striking Mitfa gradient expression 301 14 seen also in WT siblings. Furthermore, we note the good correlation between Mitfa 302 expression levels (Fig. 5A ) and melanophore numbers (Fig. 4D) in dorsum and belly and also in dark stripes in control and transgenic fish (Fig. 5D, E) , with 323 no significant difference in their expression levels at this stage. We conclude that numbers of 324 each of these cell-types are likely to be largely unchanged in transgenic fish. otherwise not tightly-correlated to the Mitfa pattern. When the Asip1 expression gradient is 363 disrupted in transgenic zebrafish so as to generate dorsal Asip1 levels comparable to those 364 observed in the belly of transgenic or WT zebrafish, the expression pattern of both 365 melanogenic enzymes and the transcription factor Mitfa is also disrupted. These observations 366 are consistent with our previous study, which showed that local injection of Asip1 capped 367 mRNA on dorsal dark skin of turbot decreased the expression of Tyrp1b (Guillot et al., 2012) . 368
Furthermore, the effects were only detectable during metamorphosis and then maintained 369 throughout adulthood, as transgenic zebrafish never developed the 2D dark stripe on the 370 dorsum that usually develops with growing size. 371
Our observations indicate that the pattern change derives from both an inhibition of 372 melanisation, directly comparable to the mechanism of counter-shading documented in 373 mammals, but importantly also from a novel mechanism regulating the number of lLtk genes was widespread throughout the skin, we saw no correlation of either to the 442 expression levels of Asip1. Thus, our data does not support an agouti-induced switch of MSCs 443 to iridophores. Taken together, we conclude that development of xanthophores and 444 iridophores may be largely independent of Asip1 levels, although since we were unable to 445 count the number of xanthophores or iridophores in adult fish, we cannot rule out a more 446 subtle effect on their patterning. We suggest that the more pronounced band of iridophores in 447 the transgenics results at least largely from the underlying cells becoming more visible in the 448 absence of stripe 2D melanocytes. 449
From an evolutionary point of view we note both the conserved and novel aspects of the 450 mechanisms of Asip1 function in establishing the dorso-ventral pigment pattern in these 451 divergent vertebrates. In mammals, ASIP regulates the switch between 452 eumelanin/pheomelanin synthesis as well as the proliferation and/or differentiaton in of their 453 only chromatophore type, the melanocyte (Hirobe 1982 (Hirobe , 1992 Tamate, et al., 1986) . In 454 contrast, in fish a similar dorso-ventral pigment patterning process comes about by regulating 455 the ratio of different pigment cell-types in different dorso-ventral zones, as well as by 456 regulating melanocyte differentiation. Nevertheless, a further role for ASIP in mice in 457 regulating specification, proliferation or survival of melanoblasts has not been ruled out 458 experimentally (Hirobe 1982 (Hirobe , 1992 Tamate, et al., 1986 ). In the light of our data, we suggest 459 that a rigorous examination of this issue of pigment cell numbers (melanocytes, but in fish 460 20 also iridophores) using transgenic markers in both mouse and zebrafish will be important to 461 clarify the degree to which a conserved mechanism of ASIP-dependent control of melanoblast 462 numbers may contribute to dorso-ventral pigment pattern differences throughout the 463 vertebrates. 464
In the evolution of mammals, the loss of pale coloured chromatophores appears to have 465 allowed selection for biochemical mechanisms to produce pale versions of melanin to replace 466 the function of light reflecting chromatophores. Concomitantly, the function of ASIP/MC1R 467 interaction evolved to control the spatial-temporal switch in the synthesis of melanins. 468
Therefore, its seems that the ancestral function of ASIP was to control dorso-ventral 469 difference acting on the ratio of different pigment cell-types in different dorso-ventral zones 470
and on the pigment cell number and /or differentiation, before the phenomenon of type-471 switching evolved. 472
In conclusion, we demonstrate for the first time the existence of a graded expression of Asip1 473 along the dorso-ventral axis in adult fish, with the highest levels in the belly. This gradient 474 functions to establish a dorso-ventral pigmentation pattern, because the disruption of the 475 dorso-ventral expression gradient in transgenic fish overexpressing Asip1 leads to phenotypic 476 changes including the elimination of dorsal melanin pigmentation. Asip1 seems to affect both 477 melanocyte numbers and their differentiation in adult fish, but has no effect on embryonic 478 pigment pattern. Thus, ASIP's role in establishing dorso-ventral pigment pattern is not unique 479 to mammalian species, and it is likely that its function is conserved among vertebrates. 480
However, Asip1 overexpression had only modest effects on the general striped pattern of the 481 body demonstrating that zebrafish has two largely independent pigment patterning 482 mechanisms, an ancestral dorso-ventral pigment patterning process, onto which the striping 483 mechanism is superimposed. The pigment pattern of all adult mosaic fish (F0) showed a pronounced phenotype, with paler 512 head and body than WT fish (Fig. S5) . Positively identified F1 siblings were mated. The F2 513 embryos were grown to sexual maturity and individuals F2 were mated to wild-type fish. The 514 F3 progeny were analyzed for the transgene. Identified homozygous F2 were mated to each 515 other to produce a large stable homozygous (F3) population. 516 517
Ethics statement 518
All zebrafish experiments were approved by the National Advisory Committee for Laboratory 519 
Zebrafish tissues 524
Eggs and larvae from fish aged 0-24 hpf and 2-7 dpf and adult tissues from eye, dorsal and 525 ventral skin, intestine, heart, liver, brain, gill, kidney, fat, gonads and muscle were sampled 526 for RT-PCR. Two groups of eight fish were establish, a WT group and a group of transgenic 527 fish that overexpress the Asip1 gene, Tg(Xla.Eef1a1:Cau.Asip1)iim05, see below. For each 528 group, dorsal, primary and secondary stripes (1D, 1V and 2D, 2V, respectively) and belly skin 529 samples were excised with a scalpel for qRT-PCR (see Fig. 1I ,J for location of skin sample 530 points). Animals were anaesthetized with 0.02% tricaine, adults were rapidly decapitated and 531 all samples were frozen at -80 ºC until analysis. RNA was extracted for comparison of 532 expression levels. Larvae from 30 hpf were anaesthetized and fixed in 4% paraformaldehyde 533 for in situ hybridization. Individual larvae, metamorphic and adult stages (SL 3.6, 6.3, 13 and 534 25 mm or 5, 15, 60 and 210 dpf, respectively) were obtained for melanophore counts. In situ hybridization 565
For whole-mount in situ hybridization, samples at 1, 3, and 6 dpf were fixed in 4% 566 paraformaldehide (PFA) containing 1% DMSO in 1 × PBS overnight at 4ºC and stored in 567 100% methanol at -20ºC. Whole-mount in situ hybridization was performed using 568 digoxigenin-labeled antisense probes as previously described (Rotllant et al., 2008) . Antisense 569 and sense riboprobes were made from linearized full-length zebrafish and/or goldfish Asip1 570 cDNA. For plastic sections, embryos with ISH staining were fixed, dehydrated and epon-571 embedded, and cut into 4 m ventral longitudinal sections and mounted with EUKIT as 572 previously described (Westerfield et al., 2007) and imaged. 573
In situ hybridization of adult (210dpf) zebrafish followed (Cerdá-Reverter et al., 2000) . 574
Samples were fixed in 4% paraformaldehyde, 0.1 M phosphate buffer, for 2 days at 4C, 575 dehydrated, and embedded in Paraplast (Sherwood, St Louis, MO). Serial 10 m rostro-576 caudal transverse sections were cut using a rotary microtome. Sections were mounted on 3-577 aminopropyltriethoxylane (TESPA)-treated slides, air-dried at room temperature (RT) 578 overnight and stored at 4ºC under dry conditions and used for hybridization within one 579 month. Adjacent sections were stained with hematoxylin-eosin (HE) to identify physiological 580 structures. 581 582
Melanophore counts 583
To test whether the melanophore pattern of transgenic fish is different from that of control 584 fish, we quantified melanised melanophores in both groups. The region selected for counting 585 melanophores depended on the stage of development. In early and metamorphic stages (5 and 586 15 dpf, respectively), we counted total melanophores from head to tail in a dorsal view. For 587 the metamorphic stages, the melanophores visible in the horizontal myoseptum were also 588 25 included. For adult fish (60 and 210 dpf), melanophores within a 1 mm 2 area were counted in 589 multiple defined positions: from a dorsal view, on the head (head areas) and on the dorsal 590 areas (edge of the head to the dorsal fin); from a lateral view, on the 2D, 1D, 1V and 2V areas 591 (anterior areas (pectoral to pelvic fin) and posterior areas (end anal fin), ; and from a ventral 592 view on belly area (pectoral to pelvic fin) (see Fig. 2 A,B) . To analyze the number of 593 melanophores, fish were immersed in fish water solution containing 10 mg/ml epinephrine 594 
